INTRODUCTION
Soil respiration is a major component in the carbon balance of terrestrial ecosystems and has been measured in the field for more than eight decades. In this chapter, we will describe the measurement of soil CO 2 efflux at the soil surface that can be considered as equivalent to soil CO 2 production when integrated over long time periods (week, month or season). At shorter time scales the transport of CO 2 may uncouple the soil CO 2 efflux from its production inside the soil. Different methods have been developed to measure this efflux. These methods can affect the object being measured by disturbing the biochemical processes involved in CO 2 production, the physical properties influencing CO 2 movement towards the soil surface, or by changing the environmental conditions in the soil. Therefore, soil respiration measurements in the field are one of the most difficult among the ecosystem flux measurements. So far, no single method has been established as the standard but comparisons, which give important indications on their accuracy, have been performed. The choice of the measurement methodology is not limited to that of a measurement system. The experimenter has to elaborate a protocol depending on the temporal and spatial scales studied. In this chapter, we will describe the most commonly used methodologies for measuring soil CO 2 efflux and present their history, principles and constraints (Section 2.2). In addition, we will present a number of major error sources associated with the different methods and the ways to avoid them (Section 2.3), describe a comparison between different systems (Section 2.4) and give recommendations for the measurement protocol (Section 2.5).
MEASUREMENT PRINCIPLES AND HISTORY OF TECHNICAL DEVELOPMENTS
Soil respiration chambers can be grouped in three categories based on their working principle. A schematic presentation of the working principle and flux calculation of different chamber types is presented in Fig. 2.1. In closed chambers, the CO 2 flux is determined from the concentration increase within the chamber's headspace during a known period of time ( Fig. 2 .1, upper part). Closed chambers can further be divided into two major categories: closed dynamic chambers (also known as non-steady-state flow-through chambers) and closed static chambers also known as non-steady-state non-flow-through chambers). In open chambers (also known as steady-state flow-through chambers) the CO 2 efflux is determined from the difference between CO 2 concentration at the inlet and outlet of the chamber ( Fig. 2 .1, lower panel).
The Swedish scientist Henrik Lundegårdh (1922; 1924; 1927) was the first to start with measurements of soil respiration in the field. Lundegårdh used a chamber ('respiration bell ', Fig. 2 .2) with a collar that was driven into the soil. Since there was no exchange with the surrounding air the system was coined a 'closed static' in the later systematic of the methods. The CO 2 concentration inside the respiration bell increased proportionally to the soil respiration. After 10 to 20 minutes Lundegårdh took small samples of air from the chamber, which were analyzed in a self-constructed 'apparatus for accurate analysis of the CO 2 concentration in the air'. This apparatus was based on the absorption of CO 2 by a mixture of KOH and Ba(OH) 2 In a closed chamber (dynamic or static) the CO 2 efflux rate can be calculated from the slope of the CO 2 concentration increase within the chamber (C i ). Similarly, possible air flows between the soil air space and the chamber (Q 3 and Q 4 ) as well as between the ambient air and the chamber (Q 5 and Q 6 ) can generate additional mass flow of CO 2 in and out of the chamber. When designing both chamber types, air flows of type Q 3 , Q 5 or Q 6 should be avoided. The CO 2 efflux from soil (F) can be determined using Eq. (2.1).
(Lower panel) The CO 2 concentration in an open chamber depends on CO 2 concentrations (C 0 and C i ) and flow rates of the incoming and outgoing air flows (Q 1 and Q 2 , which should be equal to avoid pressure differences). In addition, possible air flows (Q 3 and Q 4 ) between the soil air space and the chamber as well as between the ambient air and the chamber (Q 5 and Q 6 ) can generate additional mass flow of CO 2 in and out of the chamber and should also be avoided. When a steady-state concentration in the chamber has been reached, the CO 2 efflux from soil (F) can be determined from the mass balance shown in Eq. (2.2). Porkka (1931) was motivated by the observation that the increasing CO 2 concentration in the closed chamber could reduce the gradient that is driving the diffusive transport. He used a round chamber with an inlet at its top and analyzed the air sucked through this chamber by absorbing the CO 2 in Ba(OH) 2 and titration thereafter. In parallel, he analyzed the air at 5 cm above the soil surface and calculated the soil respiration from the difference in the measured CO 2 concentration. With Porkka's publication the never ending competition between open and closed systems was opened, and it is interesting to read that most of the important arguments were exchanged even during this early stage of the discussion and eternally repeated thereafter.
Closed chambers seal a certain area of the soil surface completely from the ambient air. They can be further distinguished after the way the CO 2 efflux is determined. In closed static accumulation chambers, the CO 2 coming from the soil accumulates inside. The CO 2 concentration increase is determined from air sampled with a syringe and analyzed separately with a CO 2 analyzer (in former times, as Lundegårdh (1927) did, by titration, or as nowadays with either an infrared gas analyzer or a gas chromatograph). Then, the soil efflux (F) in µmol m −2 per unit of time (t) can be calculated from the increase of the CO 2 concentration within the chamber
Ci t
, the chamber volume (V c ), the molar volume (V mol ) and the covered soil area (A):
The V mol corresponds to the molar volume m 3 mol −1
(approx 22.4 ·10 −3 m 3 mol −1 for ideal gas) and is thus equal to 8.314 J K −1 mol −1 · T air /P atm . Another application of the closed static system is the closed static absorption method that was introduced by Lundegårdh (1922) . The CO 2 coming from the soil is usually trapped with chemicals such as NaOH or soda lime placed within the chamber. They can be used either as solutions, which are titrated thereafter, or as grains that are dried and weighed. Thus, the CO 2 concentration within the chamber remains relatively stable. The CO 2 efflux can be calculated from the amount of CO 2 bound in the trapping chemical. When soda lime is used for the trapping, the soil efflux measured has also to be corrected to account for the water release during the chemical reaction between CO 2 and soda lime (Edwards, 1982; Grogan, 1998; Janssens et al., 2000) . The advantage of the adsorption method over the accumulation method is that it can integrate over periods up to 24 hours and can easily be applied simultaneously at tens or hundreds of soil chambers (Haber, 1958; Janssens and Ceulemans, 1998) . The last kind of closed system is the dynamic one, where the air circulates between the CO 2 analyzer and the chamber. At each passage through the chamber the soil efflux adds some CO 2 to the air and the CO 2 concentration increases regularly. The soil efflux is then calculated using Eq. (2.1).
In open systems, ambient air is continuously sucked through the chamber. The CO 2 concentration within the chamber (Fig. 2.1 ) reaches steady-state (equilibrium) after a period of time. Then, the CO 2 flux from the soil into the chamber is balanced by the transport of CO 2 by the air stream through the chamber, and the soil respiration rate (F) is determined from the difference between the CO 2 concentration at the inlet and the outlet of the chamber ( CO 2 = C i − C 0 in Fig. 2 .1, lower panel), the through-flow rate ( , Q 1 = Q 2 in Fig.  2 .1, lower panel) and the soil covered area (A):
However, open systems were not used very often, because they required a higher amount of samples to analyze and a facility to pump the air through the chamber (Porkka used a 12.6 L bottle of water that he slowly emptied). Therefore, the time of open systems did not dawn until about 20 years later when infrared gas analyzers (IRGA) and electrical membrane pumps became available. The first soil respiration system using an IRGA was an open system developed by H. Koepf (1953a) . This first open dynamic system gave promising results (Koepf, 1953b (Koepf, , 1954 , but was only useful for stationary measurements close to the laboratory, because the IRGA alone was 115 cm high and weighed about 50 kg. In addition, the system needed grid power. Consequently, the closed 'Lundegårdh bell' remained the standard method for another 20 years, either in the original way with the extraction of an air sample after 10 to 20 minutes or with an amount of absorbent placed inside the chamber.
With the further development of electronics smaller IRGAs became available and more open systems were developed for field measurements (Witkamp, 1969; Witkamp and Frank, 1969; Edwards and Sollins, 1973; Edwards, 1974; Kanemasu et al., 1974; Schwartzkopf, 1978) . They enabled much more accurate and continuous measurements as close as possible to the natural conditions. A large variety of systems developed at different research institutions are based on the open chamber technique (Fang and Moncrieff, 1996; Kutsch, 1996; Iritz et al., 1997; Kutsch and Kappen, 1997 1998; Longdoz et al., 2000; Rayment, 2000; Kutsch et al., 2001; Pumpanen et al., 2001 Pumpanen et al., , 2004 Recently, commercial open systems have also become available ( Fig. 2.3) .
Closed systems were also further developed with the technical development in electronics that provided smaller and much better portable IRGAs. Modern 'closed dynamic' systems recycle the air from the chamber to the analyzer and back, and can monitor the increase in concentration continuously (Fig. 2.1, upper panel, right) . In addition, they may scrub the increased CO 2 at the end of a measurement cycle by means of a soda lime column to start a new measurement automatically. Portability and short measuring times in closed dynamic chambers allow the measurement of a high number of frames or collars within a big area, and therefore the estimation of the heterogeneity of soil respiration. Most of the commercial systems are based on the closed dynamic chamber technique (LiCor, PPsystems, ADC, Figs. 2.3, 2.4 and 2.5) but also a lot of researchers went this way (Rochette et al., 1992; Goulden and Crill, 1997; Rochette et al., 1997; Davidson et al., 2002; Savage and Davidson, 2003) .
Two more techniques are commonly used to determine soil respiration in the field: ground level eddy covariance (Norman et al., 1992) and concentration gradients (Albertsen, 1979) . The eddy covariance (EC) system is composed of a sonic anemometer and an infrared gas analyzer measuring respectively at the same point the three components of the wind speed and the CO 2 concentration at high frequency (10 Hz or more). With these measurements, it is possible to deduce the CO 2 vertical turbulent flux equal to the mean product of the fluctuations of the vertical wind speed and the CO 2 concentration. It can be demonstrated with fluid mechanic equations that, according to few assumptions, this vertical turbulent flux at any point above an ecosystem can be equal to the net quantity of CO 2 produced or absorbed by this ecosystem. The principal assumptions are the horizontal homogeneity of the ecosystem and a relatively high level of turbulence (high enough to neglect the transport of CO 2 by advection and the CO 2 storage between the measurement point and the soil). Eddy covariance systems are now frequently installed on towers above forests, grasslands and crops (Law et al., 1999) to measure their net ecosystem exchange.
In several studies EC systems were mounted within the trunk space of forests to quantify the soil CO 2 efflux (Norman et al., 1997; Kelliher et al., 1999; Janssens et al., 2001; Shibistova et al., 2002) . This is problematic because the presence of tree crowns prevents eddy penetration below the canopy to the measurement level. Thus, the turbulence characteristics close to the forest floor may lead to a bias in the measurements or can induce large time periods with turbulence being too low for a good functioning of the EC system. However, using data coming from forests with a relatively open canopy and, more particularly, selecting measurements performed during a windy period (data quality control routines exist), it might be possible to obtain interesting quantitative information on forest soil CO 2 efflux. The other difficulties introduced by the EC method are the determination of the footprint area and the impossibility to separate vegetation and soil signals, which implies that EC is not really applicable for soil CO 2 efflux measurements on vegetated surfaces. The most important problem in forests with relatively open canopies, in crop lands and in grasslands is the presence of understorey and ground vegetation. An EC system installed at one or few metres height is then unable to separate the soil and ground vegetation contribution to the net flux. These restrictions reduce the possibilities of using ground level EC systems to measure soil CO 2 efflux, even if it minimizes disturbance at the soil surface and covers a larger area than chambers do.
Soil CO 2 effluxes can also be derived from CO 2 concentration gradients between soil and the atmosphere, and between different soil layers. Carbon dioxide concentration in the soil air space between soil particles is often an order of magnitude higher than in the atmosphere (Fernandez and Kosian, 1987; Suarez andŠimunek, 1993) , resulting in a large concentration gradient between the soil and the atmosphere. The primary mechanism for transporting CO 2 from the soil to the atmosphere is molecular diffusion (Freijer and Leffelaar, 1996) . According to Fick's first law, the gas flux is dependent on the concentration gradient and the diffusivity of the soil. Thus the CO 2 flux in the soil is usually upwards, resulting in a CO 2 efflux out of the soil (Fig. 2.6 ). The diffusion of CO 2 depends essentially on the total porosity of soil layers, soil water Figure 2 .5 An example of the air circulation in a closed dynamic chamber (Li-Cor 6400-09). The air is pumped from the chamber to the IRGA and returned back to the chamber through a perforated manifold. The pressure equilibrium tube is located on top of the chamber (extract from Li-Cor 6400−09 Soil CO 2 flux chamber instruction manual, with the kind permission of Li-Cor Inc., Nebraska USA). In the PP-Systems chamber, the air is mixed by a fan installed in the upper part of the chamber. content, layer thickness and the concentration gradient between the layers. Gradients of CO 2 concentration are difficult to convert into fluxes because the diffusivity of the soil is heterogeneous and also changes with soil moisture. Despite these difficulties, some studies have been conducted with this technique during recent years (Tang et al., 2003; Pumpanen et al., 2003a Pumpanen et al., , 2003b Jassal et al., 2004; Tang et al., 2005; Pihlatie et al., 2007 , Mykeebust et al., 2008 .
The next sections will provide more detailed information on the possible disturbances involved in the measurement systems and the ways to avoid them.
DISTURBANCES INTRODUCED BY THE MEASUREMENT SYSTEM
Systematic errors can be introduced into the flux measurement by disturbing the physical processes involved in CO 2 movement within the soil or by modifying the biochemical processes involved in soil CO 2 production. This last disturbance can be induced directly or indirectly by changes in the soil environmental conditions. This section presents these disturbances and the ways to overcome them. A chamber measurement system does not determine directly the soil CO 2 production but the soil CO 2 efflux. For long-term integration (month or season) these two fluxes can be considered as equivalent. The CO 2 is transported through the soil surface mainly by molecular diffusion but can also be driven by wind (advection or turbulence). Fang and Moncrieff (1999) as well as Lund et al. (1999) provide theoretical derivations and model formulations for these two ways of transport.
Vertical pressure gradient
In open and closed dynamic chamber systems the artificial air circulation generated by the pump can modify the air pressure just above the soil and thus perturb the vertical pressure gradient. Even a small pressure difference between the inside of the chamber and the atmosphere (PDC), as low as 1 Pa, has been shown to cause significant errors to the measured CO 2 efflux Figure 2 .7 Effect of a constant pressure difference between the inside and the outside of the chamber (PDC) on soil CO 2 efflux in the forest of Vielsalm (Belgium). The flux is normalized by its value at PDC = 0 and negative PDC corresponds to a pressure in the chamber being lower than the atmospheric pressure. (Kanemasu et al., 1974; De Jong et al., 1979; Fang and Moncrieff, 1996; Kutsch, 1996; Fang and Moncrieff, 1998; Lund et al., 1999; Longdoz et al., 2000; Kutsch et al., 2001) . Figure 2 .7 shows an example of the dependence of soil CO 2 efflux on the PDC for the forest soil of Vielsalm in Belgium.
In a closed dynamic chamber, the reproduction of the natural vertical pressure gradient near the soil Field measurements of soil respiration 23 surface is the main problem (Kanemasu et al., 1974; De Jong et al., 1979; Fang and Moncrieff, 1998) . In these systems, pumps may create an overpressure or underpressure at its two faces. The air circulates from the overpressure face to the underpressure face along a pressure gradient. The pressure at any point is constant and depends only on its position in the circuit. Thus, the pressure in the chamber can be lower or higher than in the atmosphere. Underpressure generates an artificial mass flow of CO 2 from the soil into the chamber and leads to an overestimation of the efflux, whereas overpressure can block the natural CO 2 efflux from the soil leading to an underestimation (Norman et al., 1992; Striegl et al., 1992) .
The CO 2 efflux is more sensitive to the suction of air than to a slight overpressure especially in a porous soil Pumpanen et al., 2001) . The mass flow of CO 2 from soil pores also increases with increasing pore space CO 2 concentration. Thus the impact of the PDC increases with the permeability and CO 2 productivity of the soil. To reduce the PDC, some chambers have a small hole with a tube connecting the inside and outside of the chamber and maintaining the pressure equilibrium. Unfortunately, this tube is not always sufficient to transmit the high-frequency atmospheric pressure fluctuations into the chamber, which can have a significant impact on the soil efflux measurement Pumpanen et al., 2001; Takle et al., 2004) .
Another possible origin of PDC in closed dynamic chambers is the effect of the air mixing inside the chamber. In closed chambers, the determination of CO 2 efflux is based on the assumption that the concentration is homogeneous within the chamber's headspace (Fig. 2.1) . In some commercial systems (e.g. Li-Cor), the air mixing is assured by extracting the sample air from the upper part of the chamber and by pushing air from the analyzer back into the chamber through a perforated manifold circulating around the chamber. In PP-systems SRC-1 chamber, the air is mixed by a fan installed on top of the chamber and inducing a vertical air flow in the chamber's headspace. Inevitably, the air mixing changes the natural turbulent conditions in the chamber. The perturbation provoked can be significantly reduced when small airflow is used or when the turbulence generated by the fan is reduced by placing a metal mesh between the fan and the soil surface. This latter option is used in the latest version of the PP-systems soil respiration chamber. For all the closed chambers a measurement of the PDC value is recommended before starting measurements.
In open systems, pressure problems arise if the inlet size and through-flow are not balanced such that pressure differences occur, or if an open system does not only transmit but also modifies the natural pressure fluctuations due to an inappropriate design of the chamber inlet. For example, Kutsch et al. (2001) placed the inlet at one side of the chamber and thus caused an overpressure inside the chamber when the wind blew directly towards the inlet and an underpressure with all other wind directions. Therefore, the open chamber system has to be designed very carefully to avoid artificial underpressure or overpressure during the measurements.
Pump(s) can also induce PDC in open chamber systems (Rayment and Jarvis, 1997; Fang and Moncrieff, 1998) if the inlet and outlet airflow are not the same. Flow rate differences can be induced by the resistance at the inlet or outlet of the chamber. It may not be enough just to let the air be drawn into or out of the chamber. Even if the inlet and the outlet are large in diameter, there is always a small PDC as long as the air is only sucked into or out of the chamber. Preferably, an equal amount of compensating air should be fed into the chamber as is drawn out of the chamber. Separate pumps and mass flow controllers can be used to control the flow rates of air in and out of the chamber. Basically, this is the only way to avoid the pressure effect. However, in practice mass flow controllers can not reproduce the natural pressure fluctuation induced by the wind just above the soil surface. Nevertheless, at least systematic PDC caused by suction of air can be avoided by using separate pumps and mass flow controllers on both sides of the chamber. If it is not possible to organize separate pumps and mass flow controllers, it is of utmost importance to monitor the PDC to detect the possible pressure differences.
Vertical CO 2 concentration gradient
By contrast to the EC and gradient systems, all of the chamber systems can disturb the vertical CO 2 concentration gradient in different ways. They may modify the air CO 2 concentration in the chamber or disturb the soil CO 2 concentration by perturbing soil production directly or by changing the soil temperature or water 24 J. PUMPANEN et al.
content (Healy et al., 1996; Lund et al., 1999) . In absorption-based closed static chamber techniques, the CO 2 efflux is affected by two different mechanisms: by altered CO 2 concentration inside the chamber and by lack of turbulence. When soil respiration is high the CO 2 concentration inside the chamber and in the soil is high. At the same time, the lack of turbulence will have a large effect on the CO 2 efflux, because the only mechanism of CO 2 transport is then diffusion. This will create a severe underestimation. When the soil respiration is low, soda lime reduces CO 2 concentration inside chamber headspace, typically below ambient, and the resulting larger concentration gradient causes overestimation of fluxes. This overestimation is partly offset by the reduced turbulence, but this is much less important when soil respiration is low because soil CO 2 concentration is lower. These mechanisms can cause overestimation of low fluxes and underestimation of high fluxes (Janssens and Ceulemans, 1998) .
In the closed static accumulation chamber, the CO 2 concentration can exceed that of the ambient air. This saturation effect changes the natural concentration gradient within the soil surface and may reduce significantly the CO 2 efflux (Nay et al., 1994; Livingston and Hutchinson, 1995; Davidson et al., 2002) . So, this technique is known to underestimate the soil efflux (Janssens and Ceulemans, 1998) .
In the closed dynamic system, the CO 2 concentration in the chamber rises by a few tens of ppm above atmospheric value during the measurement (over a few minutes). The saturation effect generated is smaller than that in the static accumulation system and can be further reduced by passing the chamber air through a CO 2 scrubber before the measurement record period. The perturbations of the concentration gradient can be minimized by starting the measurement just below and finishing just above the ambient CO 2 concentration. This CO 2 scrubbing technique is used, for example, in some Li-Cor chambers. The CO 2 concentration in the chamber's headspace is scrubbed down by a few tens of ppm below the ambient target concentration by pumping the air in the chamber through an absorber column. Then the CO 2 concentration is monitored as it rises above the target, and the CO 2 efflux is calculated from the rate of increase of CO 2 concentration at around the ambient concentration. With this technique, it is possible to avoid the effects of saturation on CO 2 diffusion from the soil to the chamber. A good (a) (b) Figure 2 .8 An example of the concentration development in a closed dynamic chamber (a) and the respective CO 2 efflux plotted against the CO 2 build-up within the chamber's headspace (b). The measured CO 2 efflux decreases along with increasing CO 2 concentration in the chamber due to the slow down in diffusion rate. The CO 2 efflux decreases rapidly at the beginning of the measurement period. A peak in the CO 2 efflux during the first minute or two of the measurement period may be due to pressure perturbations induced by the chamber or by the fan. After 1-2 minutes the CO 2 efflux decreases linearly in relation to the concentration change in the chamber. In this case, the disturbance at the beginning of the measurement period could be corrected by interpolating linearly to zero in Fig. (b) . The actual CO 2 efflux from soil driven by diffusion is marked with an arrow.
indicator to see if saturation has a significant impact on the efflux is to detect the decrease in the slope of the time evolution of CO 2 concentration or a low r 2 -value in the linear fit on C/ t (Fig. 2.1) . The decrease in time evolution of CO 2 concentration and soil CO 2 efflux is illustrated in Fig. 2.8 . The saturation effect should be taken into account when designing the dimensions of a closed chamber and the length of the measurement period. The volume vs. surface-area ratio of the chamber determines its sensitivity. For example, if the Field measurements of soil respiration 25 volume vs. surface-area ratio is low the system will detect even a small concentration increase and is thus applicable to measure small fluxes. However, in this case, the saturation of CO 2 concentration will take place faster, which is a problem at high CO 2 effluxes. Thus the volume vs. surface-area ratio should be designed bearing in mind the efflux range to be measured.
In the open dynamic system, the CO 2 concentration in the chamber is constant but slightly above the ambient one. To make sure that the impact of this on the efflux is negligible, a closed dynamic chamber can be used for comparison. The slope of the time evolution of CO 2 at the concentration recorded in the open system should be equal (very close) to the slope obtained at the ambient concentration .
Horizontal wind
The EC and gradient methods are the only ones that do not disturb the natural horizontal wind. Chambers are unable to reproduce natural wind conditions. In closed-static chambers (Edwards, 1982; Crill, 1991) wind velocity is zero. The only mechanism of CO 2 transport is then diffusion. In dynamic-closed chambers and in open chambers wind velocity is determined by the airflow rate and by the chamber's design. Thus the boundary layer thickness and consequently the soil CO 2 efflux will be altered. To our knowledge, the separate effect of this perturbation has not been studied systematically to date (this effect is difficult to distinguish from the PDC perturbation). Recently, Bain et al. (2005) studied the effect of horizontal wind speed on the PDC and found that horizontal wind induced substantial error in the CO 2 efflux measurements also in closed dynamic chambers through the so-called 'Venturi effect', which was first reported by Conen and Smith (1998) . In the Venturi effect, the wind movement around the vent of a closed chamber depressurizes the chamber by pulling air out of the chamber headspace resulting in a mass flow of soil gases from the porous soil into the chamber interior (Bain et al., 2005) . This effect was shown to be very significant. According to Conen and Smith (1998) , a steady wind speed of 2 m s −1 resulted in a 233% increase in measured soil emissions, and even in very calm conditions, with wind speed less than 1 m s −1 , systematic errors of 10 to 50% were discovered. Similar results were later confirmed by Bain et al. (2005) . The wind direction and speed on the soil surface usually fluctuates leading to unpredictable pressure variations inside the chamber. The Venturi effect and other anomalous pressure effects resulting from wind turbulence can be studied by testing the chamber vent and possible PDC by fast-response differential pressure sensor on a non-permeable plate and on different soil types and wind conditions. The pressure differences resulting from the Venturi effect may not be seen if the tests are conducted on a porous soil only, because the air flow through the porous soil into the chamber may compensate for the pressure loss in the chamber induced by the Venturi effect. Recently, Xu et al. (2006) suggested a new vent type for decreasing the Venturi effect in the chambers. The vent allows pressure inside the chamber to track pressure at the soil surface outside the chamber. The vent is designed so that it slows down the wind velocity within the vent such that the dynamic pressure changes induced by the wind are converted to static pressure, which the chamber equilibrates. They have tested this new vent design in field conditions with promising results.
Other effects
Usually chambers seal the soil surface either by pushing the chamber on or into the bare ground ('insertion method') or by placing the chamber on a collar penetrating the soil surface ('collar method'). This latter mode of chamber-soil contact assures airtight connection between the chamber and the soil, which is of advantage especially if the soil is porous and the measurement place is subjected to winds. Compared to the insertion of the chamber on the soil only, the collar has the advantage of reducing the risk of CO 2 leakage out of the chamber and facilitates repeated measurements on the same spot. However, the drawback of collars is that roots are cut during insertion into the soil (the trenching effect). Consequently, because roots contribute significantly to soil respiration (Hanson et al., 2000) , the soil CO 2 concentration and the efflux will be affected. To reduce the trenching effect, the collars should not be pushed down into the rooting zone. If this cannot be avoided, the collars should be left in place until the roots have re-grown inside the collar. The recovery of fine roots may take several years. Makkonen and Helmisaari (1999) studied fine-root biomass growth with root ingrowth core method in a boreal forest. The ingrowth cores were initially without root biomass and no levelling off in the biomass growth was found during the first three growing seasons. If installed very deeply in the soil, the collars may produce a similar effect. However, most of the damage may be mitigated by flat collars that have spikes to keep the collar grounded but do not trench the whole root system. Recent studies confirmed that the chamber-soil contact mode has a significant impact on the apparent soil respiration rates (Ngao et al., 2006) with generally higher values obtained for the 'insertion' mode. Even if both chamber-soil contact modes have advantages and disadvantages, it can be concluded that the advantages of using a collar prevail. Therefore, the use of collars is recommended.
The heating of the chambers in the sun when the measurement time is long and the chamber is transparent can affect the temperature and water status of the ground vegetation and soil surface inside the chamber. The temperature can increase by up to 10 to 15 • C during chamber closure on a warm, sunny day. This may disturb the respiration rate and results in changes in the CO 2 concentration gradient. Therefore, a thermostatically controlled cooling system would be recommended, especially if the chamber is transparent and closed. Heating of the chambers in the sun should also be taken into consideration as a possible cause of pressure-gradient perturbation, especially when the measurement time is long and the chamber is transparent. The temperature increase results in a physical expansion of air inside the chamber, which may result in an overpressure blocking soil efflux and creating a mass flow of CO 2 out of the chamber through the equilibrium tube or through the soil.
COMPARISON OF THE EXISTING SYSTEMS AND RECOMMENDATIONS
Several recent studies compared the accuracy of different systems. Janssens et al. (2000) as well as Shibistova et al. (2002) found systematically lower values of soil respiration measured by ground level EC compared to chamber measurements. In the study by Janssens et al. (2000) this underestimation was correlated with photosynthetically active radiation (PAR), suggesting a confounding effect of the ground vegetation. Chamber comparisons were either conducted in the field by comparing the apparent fluxes at the same collars (Janssens et al., 2000) , by artificial systems with known fluxes (Pumpanen et al., 2004) or by a combination of both (Butnor et al., 2005) . The comparisons have indicated relative differences between chamber types (Raich et al., 1990; Norman et al., 1997; Janssens et al., 2000; Pumpanen et al., 2004) or showed chamber-specific limitations (Nay et al., 1994; Fang and Moncrieff, 1998; Gao and Yates, 1998) .
In most cases, closed dynamic and static chambers have been shown to give systematically lower values than open dynamic chambers -the difference ranging from 10% (Rayment, 2000) to 40-50% (Norman et al., 1997; Pumpanen et al., 2003a) . However, in a recent study (Pumpanen et al., 2004) , the differences between chambers using different measurement principles seemed not to be consistent. When most of the currently available chamber systems were compared against known CO 2 effluxes generated by a calibration chamber in laboratory conditions, their reliability appeared to be independent of the measurement principle as such (Pumpanen et al., 2004) . Instead, the geometrical design of the chamber, the mixing of air inside the chamber and the collar model seemed to affect the measured CO 2 efflux more than the measurement principle. Even identical chambers with different collar designs showed highly variable results. However, the general trend seemed to be that closed static chambers underestimated CO 2 effluxes by 4 to 14%. No systematic differences were found between open dynamic chambers and closed dynamic chambers (Pumpanen et al., 2004 ). An extract from the recent paper by Pumpanen et al. (2004) is presented in Table 2 .1. In Table 2 .2, we have listed the advantages and disadvantages of the major chamber systems. A standard chamber will hardly be available, because different ecosystems require different chamber designs. One technical solution may not be the best for all purposes. For example, a small chamber suitable for forest with abundance of stones and small shrub vegetation is probably not suitable for measuring grasslands. The only reasonable way to standardize various chamber systems is to compare them against known CO 2 effluxes.
In conclusion, the method used for measuring soil CO 2 efflux should be chosen based on the research conducted and the type of ecosystem (see Section 2.5). The chamber methods affect the flux being measured, but this error can be detected and corrected if the chambers are tested against known CO 2 effluxes. Reliable CO 2 efflux measurements can be carried out with open as Pumpanen et al. (2004) r Special attention should be paid to the mixing of air within the chamber, because it can be a major source of error. Excessive turbulence inside the chamber can cause over-or underpressure compared to natural ambient conditions, which can lead to artificial mass flow of CO 2 between soil and the chamber. This is particularly important when using closed dynamic chambers where the CO 2 concentration has to be evenly distributed within the chamber in order to calculate the flux correctly. The air mixing should be efficient enough to provide homogeneous CO 2 concentration within the chamber's headspace, but weak enough not to cause pressure anomalies. r The headspace concentration inside the chamber affects the flux by altering the concentration gradient between the soil and the chamber, and therefore the chamber should be designed so that the increase in CO 2 concentration of the chamber headspace is as small as possible. r Collars, which are the recommended chamber-soil contact method, should be designed for minimum disturbance of the root system. This can be solved in different ways either by using spikes or by a sufficient delay between collar insertion and measurement.
EXPERIMENTAL DESIGN
The experimental design of a measurement campaign depends on the space and time scales studied. The measurement system and protocol have to be adapted to the type of ecosystems in which the soil CO 2 efflux measurements are performed. In studies requiring continuous monitoring of soil CO 2 efflux over a long time period, the measurement technique should cause minimum disturbance on the soil. Unfortunately, most of the chamber techniques cannot fulfil this requirement. The eddy covariance technique would be an ideal method for long-term monitoring, because, unlike the chamber methods, it does not affect the processes underlying soil CO 2 effluxes. It is efficient for analyzing the time evolution with small time steps (halfhour) even over a long time period but only in open forests (Baldocchi and Vogel, 1996; Black et al., 1996; Law et al., 1999) and for an area of several square metres.
Another method causing relatively small disturbance of the measurement object is the gradient method. However, the use of this method is rather uncommon because the flux data are very sensitive to the soil diffusivity, a parameter that is difficult to determine, and to the accuracy of the CO 2 concentration measurements. The accuracy of this method is still debatable. However, on grasslands and in forests with dense ground vegetation it could be a good alternative, because EC and chambers do not dissociate ground vegetation exchange and soil CO 2 efflux. The gradient method is better suited for long-term monitoring of CO 2 effluxes from a relatively small surface area rather than for determining statistically representative flux estimates over a large area. This is because the soil diffusivity and soil air CO 2 concentration often vary at the small spatial scale and the equipment needed to capture this spatial variability would be rather expensive, especially if the area to be measured were heterogeneous. The gradient method is at its best when studying the CO 2 effluxes on a process level. The gradient measurement itself does not disturb the CO 2 efflux after the initial disturbance from the installation of the measurement devices. The devices should be installed in an undisturbed soil, by soil core removing, and should avoid as much as possible root cutting and modifications in the diffusion properties of the soil. However, at the same time, continuous vertical pathways from the CO 2 sensors to the soil surface should be avoided, because they change the hydraulic properties of the soil by providing a water passage from the soil surface to the sensor. In addition, the CO 2 diffusion along these vertical pathways may be faster than in the natural soil. This can result in erroneous CO 2 concentration measurements and consequently lead to biased CO 2 efflux estimates.
In view of the difficulties met by the gradient method (see above), the dynamic chamber systems (open or closed) appear to be the most adequate on vegetated soil. The open chamber measures with a high temporal resolution but has to fulfil some requirements before being applicable for long-term measurements. After a few days the soil conditions (temperature and water content) can be significantly affected by the perpetual presence of the chamber if the chamber top is not opened in between the measurements. If opened between the measurements, the open dynamic chamber needs some time to reach steady-state conditions. This equilibrium time depends on the flow rate and on the CO 2 efflux. In addition, the surface area that can be sampled by the open chamber is small because one chamber covers only a few tens to hundreds of square centimetres and the scaling-up of the system is often expensive. Therefore, open chambers may not be the best in studies requiring good spatial coverage.
Spatial sampling is often carried out with portable chambers. The closed static chamber systems have largely been abandoned because of the systematic errors in this technique (the tendency to underestimate the efflux). For spatial sampling, manual or automated closed dynamic chambers may be a better option. Manual chambers can be moved from one collar to another by the experimenter. Because the measurement time is relatively short, he or she is able to collect data representing the efflux of up to one or more hectares in one day. In this condition, it is possible to integrate the spatial variability of an entire plot. However, this integration is done to the detriment of the temporal resolution of the measurement on the same spot. Temporal changes in soil respiration have to be taken into consideration when studying the spatial variation with manual chambers. Ideally, the temperature fluctuation during the spatial sampling should be as small as possible. The measurements carried out at different temperature conditions on different measurement collars cannot be used for averaging the efflux over the whole measurement plot, or at least the CO 2 efflux values measured from individual collars should be corrected for the difference in temperature. This in turn requires information on the temperature response of the individual collars.
Best results can probably be obtained by combining continuous monitoring of CO 2 efflux with automated chambers and spatial measurements with manual chambers. This way, it is possible to obtain both good temporal resolution and spatial representativeness. There are already automatic closed chambers available, which are attached to one collar at a time and measured at a chosen frequency. Then the short-term CO 2 evolution (half-hour) can be obtained over a long time period (season or even year) from a number of points depending on the financial resources. However, the representative area sampled cannot be as large as with a manual system.
The experimental design and the measurement protocol applied in individual studies is usually a trade-off between the technical and human resources available. It is the experimenter's task to plan the measurements so that they, on the one hand, provide enough information on spatial variation for sound statistical analysis and, on the other hand, provide data with high enough temporal resolution for studying the processes underlying soil CO 2 efflux and all this with feasible costs. We hope that the issues discussed in this chapter will help the reader to solve this equation.
